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Abstract: Hydrothermal and co-precipitation methods were studied as two different methods for the
synthesis of CeO2nanocatalysts. Co/CeO2 catalysts supported by 2, 4, 6, or 8wt% Co were further
synthesized through impregnation and the performance of the catalytic oxidation of CO has been
investigated. The highest specific surface area and the best catalytic performance was obtained by
the catalyst 4wt% Co/CeO2 with the CeO2 support synthesized by the hydrothermal method (4%
Co/CeO2-h), which yielded 100% CO conversion at 130 ◦C. The formation of CeO2 nanoparticles
was confirmed by TEM analysis. XRD and SEM-EDX mapping analyses indicated that CoOx is
highly dispersed on the 4% Co/CeO2-h catalyst surface. H2-TPR and O2-TPD results showed that
4% Co/CeO2-h possesses the best redox properties and the highest amount of chemically adsorbed
oxygen on its surface among all tested catalysts. Raman and XPS spectra showed strong interactions
between highly dispersed Co2+ active sites and exposed Ce3+ on the surface of the CeO2 support,
resulting in the formation of the strong redox cycle Ce4+ + Co2+

↔ Ce3+ + Co3+.This may explain that
4% Co/CeO2-h exhibited the best catalytic activity among all tested catalysts.

Keywords: CO oxidation; Co/CeO2catalyst; different synthesis methods; redox cycle

1. Introduction

In the last decades, the application of metal oxide nanoparticles in the field of catalysis has
experienced an unprecedented growth because of their significant contributions to environmental
protection and energy utilization [1–3]. Many catalytic materials have also been prepared on the
nanoscale by various synthesis methods and extensively studied to fully understand their complex
surface reaction processes. Ceria (CeO2), famous for its excellent oxygen transport capacity, has been
well used in industry as the main carrier of three-way catalysts (TWCs). In addition, CeO2 performs
many important functions on the nanoscale. Metal oxides, as active components on CeO2 supports,
show better reactivity and stability in catalytic processes, benefitting from oxygen transfer and other
interactions between CeO2 support and active components. CeO2 can also keep metal oxides well
dispersed and protect them from sintering at high temperature [3–7]. These profound changes in the
catalytic performance are mainly attributed to differences in the nanoparticles’ size and morphology.
Trovarelli and Llorca [3] reviewed the recent development and applications of CeO2 nanomaterials.
Growth law and influencing factors of different CeO2 crystal faces have been reported, showing that
shape (as well as size) and surface/face reconstruction of CeO2 can be controlled at the nanoscale.
Based on these parameters, catalyst activity and stability can be effectively governed in catalytic
reactions. Zhang et al. [5] developed a lattice oxygen distortion method to enhanceoxygen activation
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by quenching Ce–Zr oxide nanoparticles formed at extremely hightemperature, which has been
applied in the oxidation of carbon monoxide (CO). Ce–Zr oxides can provide about 19 times more
oxygenvacancies than traditional oxides in CO atmosphere. Based on the above factors, nanoparticles
synthesized by different methods can exhibit different catalytic activities and exploring their different
reactivities is of high scientific interest [8].

CO is one of the most common toxic gases and harmful to environment and human health.
The elimination of CO and especially the oxidation of CO, a simple and typical reaction in heterogeneous
catalysis, has attracted wide attention in recent years due to its academic value and possible
applications [9–13]. Progress in nanotechnology provides a precious tool for the study of CO oxidation
at the nanoscale. In particular, nano-ceria particles play an important role as support in catalytic
reactions. Nobel metals supported on CeO2 show an excellent performance as catalysts for the oxidation
of CO [14–17]. For example, Chen et al. [18] loaded Pd on the specific crystal plane of CeO2 nanoparticles
and studied the electronic metal-support interactions (EMSI) in CO oxidation. They showed that
interactions on well-defined interfaces improved the catalytic performance. Tanikawa and Egawa [19]
found that the addition of Ba ions to palladium catalysts on different ZrO2 or Al2O3-modified CeO2

supports affected the adsorption strength of CO on the catalysts. However, noble-metal catalysts
also exhibit obvious disadvantages. They are difficult to obtain and expensive, which limits their
applications. Therefore, increasing research is performed on cheap and easily available alternatives.
In recent years, transition-metal oxides have become popular as non-noble metal catalysts [20–26],
and their CO oxidation performance has been reported to be strongly influenced by the catalysts’
structure, size, and morphology [27]. Chen et al. [28] synthesized Co3O4-CeO2 core–shell catalysts
and proved that the synergistic effect between Co3O4 and CeO2 is responsible for their enhanced
catalytic activity compared with that of regular catalysts. Narayana et al. [29] prepared spherical CeO2

nanoparticles with Mn-ion substitution and observed the highest CO oxidation rate for the structure
with the highest amounts of Mn2+ as well as oxygen vacancies. Obviously, nanoscale catalysts exhibit
excellent catalytic performances due to the size effect and their special morphology. In addition,
among noble-metal or transition-metal oxide catalysts, CeO2 has a prominent role as one of the most
widely used supports in catalytic oxidation technology.

Based on the above analysis, it can be inferred that different synthesis methods have great
influence on the morphology and properties of CeO2 nanoparticles, which may affect the catalytic
performance. In this paper, nano-ceria with different sizes were prepared by hydrothermal and
co-precipitation methods. The impregnation method was further used to load a specific amount
of CoOx onto the CeO2 surface. The catalysts’ CO oxidation performances were studied, and their
physical and chemical properties were characterized by XRD, BET, Raman spectroscopy, H2-TPR,
O2-TPD, and XPS. The results indicated that CeO2 nanoparticles prepared by the hydrothermal method
with a loading of 4wt% Co possess the best CO oxidation performance.

2. Results and Discussion

2.1. Catalytic Behavior

The catalytic performances of CeO2 catalysts with different Co loadings synthesized by the
hydrothermal method are shown in Figure 1. The mixed oxides revealed superior performances
compared with pure CeO2 catalyst, and the temperature of 100% conversion remarkably decreased
after Co loading. However, the catalytic activity does not change linearly with increasing Co loading.
The highest activity was observed for 4% Co/CeO2, and the maximum CO conversion rate of 100% was
obtained at 130 ◦C.

CO conversions of pure supports and catalysts with 4% Co loading, prepared by different methods,
are shown in Figure 2. The catalytic activity of CeO2 support prepared by the hydrothermal or
co-precipitation method is higher than that of commercial CeO2. For pure CeO2-p, CeO2-h, and CeO2-c
supports, CO conversion (10% efficiency) starts at 217, 232, and 244 ◦C, respectively. The CO conversion
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of CeO2-p and CeO2-h reaches nearly 100% at 320 ◦C, while the efficiency of CeO2-c is only 60%
at this temperature. Interestingly, Co loading significantly improves the catalytic activity. For 4%
Co/CeO2-h and 4% Co/CeO2-p catalysts, CO conversion (10% efficiency) starts at about 80 ◦C, and 4%
Co/CeO2-c reaches the same initial conversion rate at 174 ◦C. In addition, 4% Co/CeO2-h displays
the highest CO conversion rate among the three catalysts, yielding 100% CO conversion at 130 ◦C.
In contrast, the second highest rate is detected for 4% Co/CeO2-p and 4% Co/CeO2-c, yielding 100% CO
conversion at 150 and 210 ◦C, respectively. It can be inferred that Co is the main active component in
the reaction, and different preparation methods exert significant influence on the catalytic performance.
Different preparation methods may affect the catalysts structure, surface morphology, and grain size,
which may change the catalytic performance. In addition, the performance is affected by the interaction
between active components and supports. Therefore, we further explored the changes in the catalytic
performance caused by different preparation methods.

Figure 1. CO conversion as a function of Co loading for the catalysts produced by the
hydrothermal method.

Figure 2. CO conversions of pure supports and catalysts with 4% Co loading prepared by
different methods.

The activity test of CO oxidation under different gas hourly space velocities (GHSV) is presented in
Figure 3. Generally, GHSV reflects the residence time of reaction gas in the catalyst bed. Higher GHSV
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are correlated with shorter residence times, while lower reaction depths are correlated with larger
treatment capacities. For GHSV = 12, 000 h−1 and GHSV = 24, 000 h−1, the CO conversion rates of 4%
Co/CeO2-h are almost identical. However, when the GHSV reaches 30, 000 h−1, the catalytic activity
decreases slightly, but it is still larger than 90% at 136 ◦C. For GHSV = 48, 000 h−1, the CO conversion
decreases obviously, and complete CO conversion is reached at 190 ◦C. This temperature point is
shifted back about 60 ◦C, and the CO conversion reaches 90% at about 166 ◦C. In general, when the
space velocity increases to more than 24, 000 h−1, the catalytic activity decreases, but complete CO
conversion is still reached before 190 ◦C.

Figure 3. CO conversions of 4% Co/CeO2-h under different gas hourly space velocity.

2.2. XRD and BET Analysis

The crystal structures of CeO2 supports and Co/CeO2 catalysts have been investigated by XRD,
as presented in Figure 4. The XRD patterns of all pure CeO2 samples display identical peaks, and the
diffraction peaks at 28.5, 33.0, 47.5, 56.3, 59.1, 69.4, 76.8, and 79.1◦ could be ascribed to the (111), (200),
(220), (311), (222), (400), (331), and (420) crystal planes of the face-centered cubic structure of CeO2

(JCPD 43–1002), respectively. The CeO2-csupport exhibits sharper diffraction peaks than CeO2-h and
CeO2-p, which showed both very weak diffraction peaks. The intensity of the XRD diffraction peaks
in the pure CeO2 phase is related to the grain size [30]. Generally, the sharper the diffraction peak,
the narrower its half-peak width and the larger the grain size. Therefore, the CeO2 particles are smaller
in CeO2-h than those in CeO2-c and CeO2-p, and smaller grain size may be one of the reasons for
the observed high activity of the Co/CeO2-h catalyst [31]. Co-doping does not significantly affect
the diffraction peak positions of pure CeO2, and its original cubic fluorite structure is not obviously
altered. In contrast, Co-supported catalysts exhibit diffraction peaks with higher intensity. Meanwhile,
no peaks corresponding to crystalline Co oxide (CoOx) are observed in any sample, indicating that
Co is highly dispersed on the CeO2 supports. It has been reported that high dispersion of CoOx

nanoparticles is beneficial to increase the crystallinity of CeO2, which may be related to the strong
interaction between CoOx and CeO2 supports. The grain size is calculated from the lowest angle
diffraction peak in the XRD pattern, as shown in Table 1. This reveals that the smallest particle size
is obtained for CeO2 prepared by the hydrothermal method. In general, a smaller particle size is
correlated with a higher specific surface area, which contributes to the higher dispersion of CoOx on
the surface and is beneficial to improve the catalytic activity [26,30]. This conclusion is confirmed by
BET analysis.
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Figure 4. XRD patterns of CeO2 supports and Co/CeO2 catalysts.

BET surface areas of CeO2 supports and Co/CeO2 catalysts are listed in Table 1, revealing that
CeO2-h has a significantly higher BET surface area than CeO2-p and CeO2-c. For CeO2-h and CeO2-p,
the BET surface areas decrease with increasing CoOx loading. Interestingly, the BET surface area of 4%
Co/CeO2-c increases only slightly. However, compared with Co/CeO2-p and Co/CeO2-c, Co/CeO2-h
still has the highest BET surface area, and the surface area decreases in the order of Co/CeO2-h >

Co/CeO2-p > Co/CeO2-c. The high surface area of Co/CeO2-h may affect the CO oxidation activity,
which depends on the number of reaction sites and thus on the specific surface area.

Table 1. Physical property of the CeO2 supports and 4% Co/CeO2 catalysts.

Catalysts Particle Size
a(nm)

BET Surface
Area (m2/g)

O2 Desorption b

(mmol/g)
H2Consumption

c (mmol/g) H/Htheoretical
d

CeO2-h 10.0 128.1 0.82 1.19 0.59
CeO2-p 14.6 65.1 0.50 0.88 0.57
CeO2-c >100 40.6 0 0.07 0.24

4%Co/CeO2-h 8.9 96.4 1.08 2.01 0.92
4%Co/CeO2-p 12.5 56.1 0.94 1.58 0.91
4%Co/CeO2-c >100 43.8 0 1.11 0.74

a Calculated by the XRD data. b Calculated by O2-TPD in the range of 20–750◦C. c and d Calculated by H2-TPR in
the range of 50–600 ◦C.

2.3. SEM and TEM Analysis

The SEM images of 4% Co/CeO2 catalysts are shown in Figure 5, revealing obvious differences in
the particle sizes of these catalysts. The catalyst 4% Co/CeO2-h forms regular cubes and spheres with a
relatively uniform size of <400 nm diameter.The catalysts 4%Co/CeO2-c and 4% Co/CeO2-p form larger
particles of <1.5 µm diameter. As 4% Co/CeO2-h exhibits the smallest grain size as well as the best
CO catalytic activity, a relationship between grain size and CO catalytic reactivity may be postulated.
Although the grain size is not the only factor affecting the conversion efficiency, smaller grain sizes
improve the CO catalytic activity. It should be noted that larger CeO2 particles observed in SEM may
also result from the agglomeration of smaller particles. However, the determination of the particle
size is limited by the instrumental magnification, and TEM analysis is required to precisely determine
smaller grain sizes, as described in the following.
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Figure 5. SEM images of 4% Co/CeO2 catalysts.

The catalysts 4% Co/CeO2-h, 4% Co/CeO2-p, and 4% Co/CeO2-c were studied by SEM-EDX
elemental mapping, as shown in Figure 6. Among them, Figure 6b,e,h shows the elemental distribution
of Ce, and Figure 6c,f,i shows the elemental distribution of Co of the three catalysts. The analysis
reveals that the distribution of Co is more dispersed than that of Ce on Co/CeO2-p and especially on
Co/CeO2-h. This higher dispersion of Co was theoretically expected, as Co was impregnated on the
surface of CeO2. However, the Ce and Co distributions on CeO2-c are similar, which suggests some
agglomeration of CoOx. Furthermore, the consistency of the support materials (CeO2) indicates that
CeO2 support prepared by the hydrothermal method is more conducive to the dispersion of Co on the
surface, and the Co dispersion on the support surface may be related to the interaction between Co
and CeO2 with different particle sizes and specific surface areas. EDX analysis shows, in combination
with the activity test results, that the excellent Co dispersion promotes the catalytic activity.

Figure 6. SEM elemental mapping for Co/CeO2-h(a–c), Co/CeO2-p (d–f) and Co/CeO2-c(g–i).

TEM was performed to determine the particle sizes of Co/CeO2-h, Co/CeO2-p, and Co/CeO2-c
catalysts, as demonstrated in Figure 7. The images reveal the presence of CeO2 nanoparticles in all
catalysts Co/CeO2-h (Figure 7a), Co/CeO2-p (Figure 7d), and Co/CeO2-c (Figure 7g). Co/CeO2-h showed
an average particle size of about 8–10 nm (Figure 7a), Co/CeO2-p showed a larger average particle size
of about 15–20 nm (Figure 7d), and Co/CeO2-c exhibited the largest particle sizes of more than 20 nm
and more regular particles than the particles of the other two catalysts (Figure 7g). These differences in
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the grain sizes are consistent with previous test results. No lattice fringes corresponding to Co oxide
were found, which explains, in combination with the SEM elemental mapping results, the high Co
dispersion on the CeO2 surface. Furthermore, the HRTEM images reveal lattice distances of 0.308, 0.309,
and 0.311 nm for the three catalysts, which are assigned to the (111) lattice plane of CeO2. These results
fully prove the formation of CeO2 nanoparticles.

Figure 7. TEM profiles of Co/CeO2-h(a–c), Co/CeO2-p(d–f) and Co/CeO2-c(g–i).

2.4. Raman Spectroscopy

The structural properties of the catalysts are very important for the analysis of active sites in
solid–gas reactions. Raman spectroscopy, as a structural characterization technique, has been widely
used for this purpose in different catalytic reaction systems [32–35]. The Raman spectra of all CeO2 and
Co/CeO2 catalysts are shown in Figure 8. The distinct F2g symmetry mode of the CeO2 phase centered
between 428 and 454 cm−1. Two weak bands around 1158 cm−1 are due to the defect-induced (D)
mode and the second-order longitudinal (2LO) mode [36]. CeO2-h exhibits a much broader F2g peak
than CeO2-c and CeO2-p, which is a size-dependent phenomenon observed for ceria nanoparticles
and can be explained by inhomogeneous strain broadening associated with particle size dispersion
and phonon confinement [36–38]. This is consistent with XRD measurements, which revealed for
CeO2-h the smallest average particle size among all catalysts. Furthermore, the D/F2g peak area ratio
can be estimated to gain insight into the relative population of oxygen vacancies, as shown in the
Table 2. Compared with CeO2-c and CeO2-p, Co/CeO2-h reveals more oxygen vacancies. Therefore,
application of high temperature and high pressure in the hydrothermal process promote the formation
of oxygen vacancies, which could improve the catalytic performance.

The Raman spectra of 4% Co/CeO2 are similar to those of the CeO2 supports. No peaks
corresponding to crystalline CoOx were detected, which further indicates that CoOx is highly dispersed
on the support surface. The decrease of the peak intensity may be caused by the change of the relative
Ce-O content. Meanwhile, Raman spectra of CeO2 support and Co/CeO2 catalysts prepared by different
synthetic methods exhibit obvious peak shifts. The loading with cobalt oxide species slightly red-shifts
the F2g characteristic peaks of Co/CeO2-p and Co/CeO2-c. This phenomenon is usually related to the
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change in lattice spacing and bond length caused by lattice constriction upon Co2+-doping [37,38],
as it is possible that Co ions enter the interior of the CeO2 lattice. In contrast, the Co/CeO2-h catalyst
shows a blue shift of the F2g characteristic peak. This further suggests a special interaction between
CoOx and CeO2-h supports. CoOx is mainly dispersed on the surface of the Co/CeO2-h catalyst and
well-dispersed cobalt oxide species contribute to the high catalytic activity of the mixed metal oxide
catalysts [33,36].

Figure 8. Raman spectra of CeO2 supports and 4% Co/CeO2 catalysts.

Table 2. Relative population of oxygen vacancies.

CeO2-c CeO2-p CeO2-h Co/CeO2-c Co/CeO2-p Co/CeO2-h

D/F2g (%) 77.96 82.46 97.42 74.68 78.9 80.74

2.5. H2-TPR and O2-TPD Analysis

Temperature-programmed reduction (H2-TPR) analysis has been conducted to investigate the
reduction behavior of CeO2 supports and Co/CeO2 catalysts, as shown in Figure 9. The centers of the
reduction peaks of pure CeO2 supports appear at about 200–550 ◦C and 800 ◦C, which can be assigned
to the reduction of surface oxygen and lattice oxygen, respectively [39]. For CeO2-h, the centers of
the reduction peaks appear at 325, 510, and 780 ◦C, while CeO2-p exhibits the centers of its reduction
peaks at 426, 520, and 780 ◦C. However, CeO2-c shows only one reduction peak at 824 ◦C. These results
indicate that more oxygen is adsorbed on the surfaces of CeO2-h and CeO2-p, which improves the
catalytic activity. In addition, the initial reduction temperature of CeO2-h at about 225 ◦C is lower
than that of the other two supports, and the reduction peak area is larger. It can be inferred that
the low temperature reduction performance of CeO2-h is better than those of the other two catalysts.
Compared with pure CeO2 supports, the reduction peak of the Co/CeO2 catalysts is shifted to low
temperature. This indicates that Co-doping improves the redox capacity. Moreover, for Co/CeO2

catalysts, the reduction peaks α appear between 200 and 300 ◦C and are mainly related to the reduction
of the Co3O4 phase, as this Co-species is easier to reduce than Ce4+. Similarly, all the samples display
β peaks at about 800 ◦C due to the reduction of bulk CeO2, and it can be observed that the temperature
of the reduction peak decreases gradually in the order 4%Co/CeO2-h< 4%Co/CeO2-p < 4%Co/CeO2-c.
This further confirms that 4%Co/CeO2-h exhibits the best reduction performance among all catalysts
and that strong interactions between the active component CoOx and CeO2 supports are present.
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Figure 9. H2-TPR profiles of different CeO2 supports and 4%Co/CeO2 catalysts.

Various studies [40–42] have shown that the reduction of Co3O4 is a two-step process, involving
the reductions of Co3O4 to CoO and CoO to Co. These results clearly show that the reduction behavior
of Co3O4 strongly depends on the CeO2 synthesis method, dispersion state of CoOx, and the interaction
between CoOx and CeO2, which is consistent with conclusions of previous reports [26,43]. For the
Co/CeO2 catalysts, the reduction peaks can be classified as follows: (1) Range A (<240◦C): reduction of
surface-adsorbed oxygen species; (2) Range B (250–310◦C): reduction of Co3+ to Co2+ on the interface
between Co3O4 and CeO2; (3) Range C (310–350◦C): reduction of independent Co3O4 weakly interacting
with CeO2 to form Co; (4) Range D (350–500◦C): reduction of Co2+ to Co [41,42]. Among these catalysts,
Co/CeO2-h displayed the lowest reduction temperature, which indicates that Co/CeO2-h exhibits the
best redox performance. Position and intensity of the reduction peaks often reflect differences in the
interactions between active components and supports. The Co/CeO2-h catalysts exhibited only very
small peaks compared with pure Co3O4, suggesting high component dispersion in these catalysts and
implying that almost all present Co-species share a homogeneous interaction with the CeO2 phase.
A rather large and sharp reduction peak appears for Co2+ interacting with CeO2, which may present
further evidence for this homogeneous interaction. The CoOx dispersion in different catalysts decreases
in the order Co/CeO2-h > Co/CeO2-p > Co/CeO2-c, which is in good agreement with the XRD results.
Thus, it can be inferred that the different preparation methods significantly influence the component
dispersion. Furthermore, the hydrogen consumption of all catalysts was calculated from the H2-TPR
measurement summarized in Table 1. H2 consumption in the range of 50–600 ◦C was 2.01, 1.58, 1.11,
1.19, 0.88, and 0.07 mmol/g for Co/CeO2-h, Co/CeO2-p, Co/CeO2-c, CeO2-h, CeO2-p, and CeO2-c,
respectively. The homogeneous and profound interaction provides the largest Co3O4–CeO2 interface
area. Therefore, the Co/CeO2-h catalyst is expected to contain the largest amount of adsorbed surface
oxygen, as indicated by the largest H2 consumption, resulting in an enhanced CO catalytic activity.

Since oxygen vacancies play a crucial role in CO oxidation over Co/CeO2 catalysts,
O2-TPD measurements have been performed, as presented in Figure 10. One oxygen desorption peak
at nearly 450 ◦C can be observed for the CeO2-h and CeO2-p supports, while CeO2-c only exhibits a
very small peak around 800 ◦C. This proves that CeO2-h and CeO2-p supports possess better redox
performance. Furthermore, Co/CeO2 catalysts show more chemically adsorbed oxygen species and
lower desorption temperatures than pure CeO2 supports. Except for Co/CeO2-c, two oxygen desorption
peaks can be observed for the Co/CeO2 catalysts, while Co/CeO2-c shows only one peak near 750◦C.
For Co/CeO2-p and Co/CeO2-h, the other wide peak α appears in the range of 150 to 680 ◦C. Generally,
the peak β centered below 750 ◦C can be attributed to the oxygen desorption from Co and CeO2 sites,
and the high-temperature peak at T > 750 ◦C corresponds to the thermal decomposition of Co3O4,
which is consistent with previous reports [44–46]. The peak at T < 750 ◦C corresponds to the amount
of oxygen desorption that has been listed in Table 1. The change rule of the oxygen desorption is
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consistent with activity test and H2-TPR results. It can be seen that the 4% Co/CeO2-h catalyst desorbs
the largest amount of chemically adsorbed oxygen, indicating that this catalyst exhibits the largest
oxygen amount on its surface among all catalysts, which explains its high catalytic activity. In addition,
according to the literature, good performance for adsorption and activation of oxygen on the catalyst
surface contributes significantly to the catalysts’ activity for CO oxidation [47–49]. This is one of the
most important reasons that the Co/CeO2-h catalyst has the best CO catalytic oxidation performance.
In conclusion, also these results confirmed that different synthetic methods have a significant effect on
the amount of active oxygen on the catalyst surface.

Figure 10. O2-TPD profiles of CeO2 supports and 4% Co/CeO2 catalysts.

2.6. XPS Analysis

XPS analysis was carried out to study the valence states of the surface elements on different
catalysts. The recorded spectra are shown in Figure 11, and the relative concentrations of the surface
atoms Ce and Co are shown in Table 2, revealing that curve shape and positions are typical for Ce
3d and Co 2p. The sub-bands labeled u′ and v′ represent the 3d104f1 state, corresponding to Ce3+

cations, whereas u, u”, u”’, v, v”, and v”’ represent the 3d104f0 state of Ce4+ cations, as shown in
Figure 11A [50,51]. Meanwhile, the main peaks (with satellite peaks) are detected at 775–790 eV and
correspond to the binding energy of Co 2p3/2. The Co 2p3/2 spectra of the catalysts could be fitted to
two peaks with satellite peaks. Binding energies of 780.5 ± 0.6 and 779 ± 0.6 eV are assigned to Co2+

and Co3+ species, respectively, as shown in Figure 11B [52]. The relative concentrations of surface
atoms on the catalysts prepared by three different methods are discrepant. For Co/CeO2-h, Co/CeO2-p,
and Co/CeO2-c, the atomic ratios of Ce3+/Ce are 16.58%, 13.50%, and 11.89%, respectively, and the
atomic ratios of Co3+/Co are 52.84%, 48.53%, and 45.72%, respectively shown in Table 3. It can be seen
that Ce3+/Ce and Co3+/Co have the highest atomic ratios on the surface of Co/CeO2-h, which also shows
the best CO conversion among all tested catalysts according to the activity test results. According to
the literature [53,54], the presence of Ce3+ may result in a charge imbalance, which leads to oxygen
vacancies and unsaturated chemical bonds. This situation will generate additional chemisorbed
oxygen or weakly adsorbed oxygen species on the catalyst surface. Meanwhile, the presence of Co3+

also enhances the redox properties of Co-based catalysts [55], as more active sites are provided by a
larger amount of exposed Ce3+ and Co3+ on the catalyst surface. The Co/CeO2-h catalyst promotes
the transformations of Ce4+ to Ce3+ and Co2+ to Co3+. Moreover, based on the charge balance,
the presence of Ce3+ and Co3+ can enable the redox cycle Ce4+ + Co2+

↔ Ce3+ + Co3+, with Ce4+ and
Co2+ being formed in the process of the catalytic reaction. The adsorption–desorption efficiency of CO
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on the catalyst surface is promoted, and the electron transfer process accelerated by this redox cycle
regenerates active sites, which enhances the CO conversion.

Figure 11. (A) Ce3d and (B) Co2p XPS spectrum of 4% Co/CeO2 catalysts.

Table 3. The relative concentrations of different valence elements surface atomic Ce, Co.

Catalysts
Atomic Ratio (%)

Ce3+/Ce Co3+/Co

4% Co/CeO2-h 16.58 52.84
4% Co/CeO2-p 13.50 48.53
4% Co/CeO2-c 11.89 45.72

3. Materials and Methods

3.1. Synthesis of CeO2Nanoparticles

CeO2-p was prepared by a co-precipitation method. Briefly, 10 g Ce(NO3)3·6H2O was completely
dissolved in 30 mL distilled water and the resulting solution was stirred adequately. Then,
ammonia solution was added to the above solution to reach pH 9, and the solution was stirred
for 3 h before being filtrated and washed. This sample was dried at 80 ◦C overnight. Finally,
the obtained product was calcined in a muffle furnace at 400 ◦C for 4 h.

CeO2-h was prepared by a hydrothermal method. In a typical experiment, 1 g Ce(NO3)3·6H2O
was dissolved in 1 mL distilled water, 1 mL ethyl acetate, and 29 mL glycol, and the resulting solution
was stirred at room temperature for 10 min. Then, 2 g urea was added dropwise to the above
solution under vigorous stirring. After stirring for 30 min, the mixture was transferred into a 50 mL
Teflon-lined autoclave and heated at 180 ◦C for 4 h. The resultant solid products were collected by
filtration, washed with water, dried at 80 ◦C, and calcined at 400 ◦C for 4 h under static air conditions.
The obtained CeO2 product was designated as CeO2-h.

3.2. Synthesis of Co/CeO2Nanoparticles

Co/CeO2 was synthesized by a wet impregnation method. Therefore, 0.5 g CeO2 synthesized
by the hydrothermal method was dispersed in 50 mL of the appropriate amount of Co(NO3)2·6H2O.
The amount of Co(NO3)2·6H2O was calculated to provide an amount of Co corresponding to 4wt%
CeO2. The obtained mixture was stirred at room temperature for 3 h, and excess water was evaporated
completely. The product was further dried at 80 ◦C for 12 h and then calcined in air at 400 ◦C for 3
h. The resulting sample was named 4wt% Co/CeO2-h. To study the effect of different Co loadings
during CO oxidation, 2, 6, and 8wt% Co/CeO2, commercial CeO2 with 4%Co loading (named 4wt%
Co/CeO2-c), and CeO2 synthesized by the co-precipitation method with 4%Co loading (named 4wt%
Co/CeO2-p) were also prepared by a similar process.
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3.3. Measurement of CO Oxidation Activity

As-prepared Co/CeO2 catalyst (100 mg; 40–60 mesh) was placed into a fixed-bed quartz tubular
micro-reactor (diameter ϕ = 4 mm). The CO oxidation reaction was performed under a total gas
flow rate of 20 mL min−1 (gas flow rates of 40, 50, and 80 mL min−1 were used to adjust the hourly
space velocity of the gas). The typical reactant gas composition contains 1% CO and 5% O2 in 99% Ar.
The temperature ramp was set at 10 ◦C min−1. The catalytic activity was examined from the decrease
in the characteristic m/z 28 signal corrected for the CO2 cracking pattern in the temperature range of
100–300 ◦C.

3.4. Characterization of Materials

XRD patterns were recorded on a Rigaku D/MAX-3B Auto X-ray diffractometer(Herbin, CHN,
China) with Cu Kα radiation (λ = 1.5416 Å, 40 kV, 200 mA). The diffraction patterns were taken in the
2θ range of 10–80◦ at a scan speed of 10◦ min−1. The Brunauer–Emmett–Teller (BET) specific surface
area and the corresponding Barrett–Joyner–Halenda (BJH) pore-size distribution were measured on
a micrometrics ASAP 2010M instrument(Herbin, CHN, China). Raman spectra were measured on
the Raman spectrophotometer JY-HR800 operating at 458 nm(Herbin, CHN, China). H2-TPR and
O2-TPD were measured on a multipurpose analytical system (TP-5080, company of Tianjin Xianquan).
For H2-TPR, 0.2 g of the sample was first heated to 250 ◦C and kept in He at 30 mL min−1 for 60 min.
After cooling to room temperature, the sample was again heated to 800 ◦C at a rate of 10 ◦C min−1

under 5 vol% H2/N2. For O2-TPD, 0.2 g of the sample was first heated to 250◦C and kept in He at
30 mL min−1 for 60 min. After cooling to room temperature, the sample was exposed to pure oxygen
for 60 min to achieve sufficient oxygen absorption. Then, the sample was heated to 800 ◦C at a heating
rate of 10 ◦C min−1 under pure He at a flow rate of 30 mL min−1. X-ray photoelectron spectra (XPS)
were recorded on a Physical Electronics Kratos Amicus spectrometer (Herbin, CHN, China)with Al
Ka radiation source. All binding energies were referenced to the C1s line at 284.8 eV. Transmission
electron microscopy (TEM) measurements were taken on a JEM-2100 electron microscope operating at
200 kV(ChangChun, CHN, China). EDX elemental mapping images were recorded on a FeiNa phenom
prox electron microscope operating.

4. Conclusions

The 4wt% Co/CeO2 catalyst containing CeO2 support synthesized by the hydrothermal method
yielded nearly 100% CO conversion at 130 ◦C. Furthermore, CeO2-h showed the best redox performance
resulting from higher amounts of exposed Ce3+ (caused by oxygen vacancies) and Co3+ active sites
(provided by highly dispersed CoOx on the support surface), which are present on the catalyst surface.
In addition, a strong interaction between Co and CeO2 supports enhances the formation of chemically
adsorbed oxygen and promotes the redox cycle: Ce4+ + Co2+

↔ Ce3+ + Co3+. This redox cycle is
charge balanced and further accelerates the electron transfer between CO and the active sites. Thus,
the CO oxidation reaction is promoted, which may be the main reason for the excellent catalytic activity
of the 4% Co/CeO2-h catalyst.
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